Three strains of obligately methylotrophic Betaproteobacteria (Z T , SP and M3) with the ribulose monophosphate pathway of C 1 assimilation are described. The isolates were strictly aerobic, Gram-stain-negative, asporogenous, motile (strains Z T and M3)
Methylophilaceae, a family within the order Methylophilales, embraces the genera Methylophilus (type genus), Methylobacillus, Methylovorus and Methylotenera [1] . Betaproteobacterial obligate and restricted facultative methylotrophs are capable of utilizing methanol or methylamine as a sole source of carbon and energy via the ribulose monophosphate (RuMP) cycle. Because of similar morphology and metabolic organization, the main criteria used to clarify obligate methylobacteria into separate genera and species are their genomic and phylogenetic characteristics. On the other hand, members of the family are defined by some chemotaxonomic and biochemical properties, such as specific phospholipids and enzymes, which are used for the delineation of genera [1] . The genus Methylobacillus comprises five recognized species: Methylobacillus glycogenes [2, 3] , Methylobacillus flagellatus [4] , Methylobacillus pratensis [5] , Methylobacillus arboreus and Methylobacillus gramineus [6] . In addition, another species of the genus, 'Methylobacillus rhizosphaerae', has not been validly published at the time of writing [7] . Here, we describe three novel betaproteobacterial methylotrophic strains, Z T , SP and M3, and show that they represent a novel species of the genus Methylobacillus.
The novel strains were isolated from activated sludge of a drainage system of the Baikal paper mill (Irkutskaya oblast, Russia) (strain Z T ), from soil collected in St. Petersburg (Russia) (strain SP) and from municipal sewage water in Moscow (strain M3). All the strains were grown in liquid mineral medium 'K' containing (g l À1 ): KH 2 PO 4 -2.0; (NH 4 ) 2 SO 4 -2.0; MgSO 4 Á7H 2 O -0.025; NaCl -0.5; FeSO 4 Á7H 2 O -0.002, pH 7.2 and 0.5 % (v/v) CH 3 OH. The pH value was adjusted to 7.2 by adding 5 M NaOH. Solidified medium 'K' was prepared by adding 2.0 % (w/v) agar (Difco). The activated sludge (1 g), soil (1 g) or sewage water sample (10 ml) were poured into a 750 ml flask containing 200 ml of sterile medium 'K'. The flask was incubated for 1 week at 30 C with shaking (180 r.p.m.). In subsequent enrichments, 20 ml of the previous enrichment culture was diluted 1 : 10 (until the total volume reached 200 ml) with the same medium. The culture was incubated at 30 C with shaking for 3 days. The enrichment culture suspension was plated onto 2 % (w/v) Difco agar 'K' medium with methanol to obtain single colonies. T ) were used as references and were also grown on 'K' medium. Cell morphology, Gram staining, motility and flagellation were studied for the new isolates grown on 'K' agar medium.
For electron microscopy, an aliquot of the cell suspension was mounted on a Formvar-coated copper grid and stained with 0.2 % (w/v) phosphotungstic acid (pH 7.2). Samples were prefixed with 1.5 % (v/v) glutaraldehyde in 0.05 M cacodylate buffer (pH 7.2) and washed three times with 1 % (w/v) OsO 4 in 0.05 M cacodylate buffer (pH 7.2) for 3 h at 20 C for thin sectioning. After dehydration in a series of alcohols, the cells were embedded in Spurr epoxy resin and sectioned with an LKB 2128 Ultratome. Ultrathin sections were mounted on copper grids and double-stained with uranyl acetate and lead citrate. Negatively stained preparations and thin sections were imaged in a JEOL JEM-100B transmission electron microscope at an operating voltage of 60 kV.
Growth at different temperatures (4-43 C), pH values (5.0-10.0) and various concentrations of methanol (0.5-5 %, v/v) were tested in liquid medium 'K'. For halotolerance testing, the strains were grown in liquid mineral medium 'K' without NaCl (0 %) with addition of NaCl up to 3 % (w/v).
Utilization of a wide range of growth substrates was determined after cultivation on 'K' medium for 2 weeks with methanol replaced by other carbon compounds (more than 65 were tested). Carbohydrates, organic acids, amino acids and methylated amines were added at concentrations of 0.05-0.3 % (w/v), while alcohols were added at concentrations of 0.2-0.5 % (v/v). To test alternative nitrogen sources, (NH 4 ) 2 SO 4 was replaced by other nitrogen compounds (1 %, w/v). Catalase and oxidase activities were determined as described previously [8] . Starch hydrolysis was detected using iodine solution on solid medium 'K' containing 0.2 % (w/v) soluble starch after 7 days of incubation. Methane utilization was tested under an atmosphere containing methane and air (1 : 1, v/v) in flasks (700 ml) containing 100 ml of mineral 'K' medium and fitted with rubber stoppers. Autotrophic growth with hydrogen as an electron donor was tested by the same procedure but under an H 2 /O 2 /CO 2 atmosphere (7 : 2 : 1, by vol.). Utilization of dichloromethane was tested as described earlier [9] . Vitamin requirements were analysed on medium containing thiamine, biotin, folic acid, vitamin B 12 (50 µg l
À1
) or a mixture of vitamins (Sigma). The control medium did not contain vitamins. Indole production from 1 mM L-tryptophan was determined on medium 'K', in which (NH 4 ) 2 SO 4 was replaced with 0.5 % (w/v) KNO 3 with the Salkowski reagent (0.05 M FeCl 3 in 35 % HClO 4 ) [10] . The concentration of auxins was determined from the calibration curve constructed using standard indole-3-acetic acid (IAA) solutions. Quantitative analysis of the spent medium of the strains grown on 'K' medium with L-tryptophan showed that the amount of synthesized IAA varied from 4.4 to 15 µg ml
. Sensitivity to antibiotics was examined by placing Difco discs on cells spread on 'K' agar plates. The discs contained the following antibiotics (µg per disc): gentamicin (10), neomycin (30), streptomycin (10), ampicillin (10), oleandomycin (10), nalidixic acid (30), lincomycin (2), novobiocin (5), erythromycin (15) and kanamycin (30). The effect of antibiotics on cell growth was assessed after 2 days of incubation.
Cells of the newly investigated methylotrophs were Gramstain-negative, asporogenous, motile [strain Z T (Fig. 1a , b) and strain M3] or non-motile (strain SP) rods 0.4-0.8Â1.0-2.5 µm in size. Reproduction occurred by binary fission. When grown on solid mineral medium with methanol, colonies were 1-2 mm in diameter after 3 days of growth at 29 C, transluscent, white to slightly cream and round with glossy surfaces and entire edges. They were strictly aerobic, catalase-, oxidase-and urease-positive methylotrophic bacteria. All strains utilized methanol, and strains SP and M3 were also able to use methylamine as a growth substrate. The three strains did not use dimethylamine, trimethylamine, formate, dichloromethane, methane, organic acids, sugars, aminoacids or C 2 -C 6 alcohols. No growth occurred on tryptone soy agar (TSA), Luria-Bertaini (LB) agar or nutrient agar (Difco). Acetoin and H 2 S were not produced, and gelatin was not liquefied. Ammonia and nitrate were used as nitrogen sources. Nitrate was reduced to nitrite.
The strains were unable to grow on mineral medium without nitrogen sources and did not fix atmospheric dinitrogen. Growth occurred at temperatures between 10 and 40 C; the optimum growth temperature was 29-35 C. Robust growth for all three strains was observed in the range of pH 6.5-7.5, and moderate growth was observed at pH 6.0 and 8.0. No growth was observed at pH 4.0 or 9.5. Growth was completely inhibited in the presence of NaCl at concentrations above 0.5 % (w/v).
Enzyme assays of primary and intermediary pathways of C 1 metabolism essential for the systematics of methylotrophic bacteria were done as described by Trotsenko et al. [11] . Protein was assayed by the standard Lowry method. Enzyme activities were expressed as nanomoles of transformed substrate or the product formed per minute per milligram of protein.
The enzyme profiles of methanol-grown cells indicated that strains Z T , SP and M3 oxidized methanol to formaldehyde by means of pyrroloquinoline quinone (PQQ)-linked methanol dehydrogenase (Table S1 , available in the online Supplementary Material). Methylamine-grown cells of strain SP oxidized methylamine by methylamine dehydrogenase.
Two formaldehyde-oxidizing enzymes were present, i.e. NAD + -dependent formaldehyde dehydrogenase and a PMS-linked (phenazine methosulfate) enzyme. Also, PMSand NAD + -linked formate dehydrogenases were detected in the three strains. Direct oxidation of formaldehyde to CO 2 via formate appears to be a minor route because of the low activities of formaldehyde and formate dehydrogenases, which are not stimulated in the presence of reduced glutathione (GSH).
All three strains assimilated formaldehyde via the RuMP cycle (Entner-Doudoroff variant), as confirmed by the presence of 3-hexulose phosphate synthase and 2-keto-3-deoxy-6-phosphogluconate aldolase. Glucose 6-phosphate and 6-phosphogluconate dehydrogenases were active with both NAD + and NADP + . Rather high levels of these enzymes indicate the preferential oxidation of formaldehyde to CO 2 via the dissimilatory hexulose phosphate cycle, which provides the methylotrophs studied with the reduced equivalents, i.e. NADP(H), and energy for biosynthesis. Rearrangement reactions of the cycle were catalysed by transketolase and transaldolase.
The absence of specific enzymes of the serine pathway (hydroxypyruvate reductase and serine glyoxylate transaminase) and ribulose bisphosphate pathway (ribulose 1.5-bisphosphate carboxylase) enabled us to exclude their operation in the bacteria studied. Fructose 1.6-bisphosphate aldolase, PEP (phosphoenolpyruvate) synthetase and 'malic' enzyme were not found in any of the three strains studied.
The tricarboxylic acid cycle is deficient in a-ketoglutarate dehydrogenase. The absence of isocitrate lyase and malate synthase indicates the non-functional glyoxylate shunt in the strains. Oxaloacetate is replenished by (phosphoenol) pyruvate carboxylases, which are not stimulated by the addition of acetyl-CoA in reaction mixtures.
Primary ammonia assimilation occurs by reductive amination of 2-oxoglutarate to glutamate, since high activities of glutamate dehydrogenase were present in the strains.
Cells of strains Z
T , SP and M3 and the reference type strains for chemotaxonomic experiments were harvested from solidified medium 'K' with methanol (0.5 %, v/v) after 30 h of incubation at 29 C (logarithmic growth phase).
Fatty acid extraction from 40-60 mg of cells was carried out by the use of whole biomass acid methanolysis in 0.4 ml of 1.2 M HCl in methanol by heating to 80 C for 1 h. The resulting fatty acid methyl esters were extracted twice with 0.2 ml hexane and processed on an Agilent Technologies AT-5850/5973 GC-MS system with a cross-linked methyl silicone capillary column HP-5ms. The oven temperature was programmed from 140 to 320 C at 7 C min -1
. Then, 1-2 µl of derivatized sample was injected into the gas chromatograph at 280 C. Fatty acids and other lipid components were ionized by electron impact at 70 eV after separation in the GC column and analysed in the scan mode. The quadrupole mass spectrometer had a resolution of 0.5 mass units over the whole mass range of 2-950 a.m.u. The sensitivity of the GC-MS system was 0.01 ng of methyl stearate. Each substance was confirmed by its mass spectrum and via an NIST mass spectral database library search.
Ubiquinones were extracted and purified as described previously [12] . Their analysis was done by using a Finnigan MX-1310 GS-MS system. Isolation and analysis of phospholipids by TLC on sheets 10Â10 cm with a Kieselgel 60 device was conducted in a system of chloroform/methanol/7 M sodium hydroxide solvents (60 : 30 : 4, by vol.) for the first direction and chloroform/methanol/acetic acid/water (85 : 12.5 : 12.5 : 3, by vol.) for the second direction [13] . The concentration of phospholipids was determined as described previously [14] . Plates were sprayed with various specific reagents for detection of different polar lipids [15] . Phospholipid standards from Sigma were used during comparative analysis.
The cellular fatty acid profiles of strains Z T , SP and M3 are shown in Table S2 . The data indicate considerable similarity in the fatty acid composition of strains Z T , SP and M3 and the type strains of members of the genus Methylobacillus, i.e T . The major ubiquinone was Q-8. Analysis of the cellular phospholipids revealed the presence of phosphatidylethanolamine (72.6-75.7 %), phosphatidylglycerol (14.5-14.6 %) and cardiolipin (6.6-7.6 %). Phosphatidylcholine and phosphatidic acid were found in minor amounts (Table S3) . Strains Z T , SP and M3 had similar phospholipid compositions (Fig. S1 ).
DNA was isolated and purified according to Marmur [16] . The DNA G+C content was determined by the thermal denaturation method (T m ) using a Unicam SP 1800 spectrophotometer at a heating rate of 0.5 C min À1 and the calculation was made according to Owen and Lapage [17] . DNA from Escherichia coli K-12 was used as the standard. DNA-DNA hybridization was done on nitrocellulose membrane filters (0.22 µm) in an incubation mixture containing 0.15 M NaCl and 0.015 M trisodium citrate (pH 7.0) with 20 % (v/v) formamide at a temperature 59
C for 24 h. [1',2',5'- 3 H]dCTP and a nick-translation kit N 5500 (Amersham Biosciences) were used as described earlier [18] .
PCR-mediated amplification of 16S rRNA genes of the novel strains was carried out using the primers proposed by Lane [19] , and 16S rRNA gene sequencing was carried out with the same primers as described by Lane [19] . The PCR product of the 16S rRNA gene was purified using the Zymoclean Gel DNA Recovery Kit (Zymo Research). 16S rRNA gene sequencing was carried out using BigDye Terminator v. 3.1 with the reaction kit followed by the analysis of reaction products in an automated sequencer (3730 DNA Analyzer; Applied Biosystems). Preliminary screening for similarity was done with the program BLAST (www.ncbi.nlm.nih.gov/blast). The 16S rRNA gene sequences of strains Z T , SP and M3 were aligned against those of closely related strains obtained from the recent GenBank releases using the CLUSTAL W software [20] . Positions of the sequence uncertainties were omitted and a total of 1443, 1430 and 1418 nt (strains Z T , SP and M3, respectively) were used in the analysis. Phylogenetic relationships were determined by the neighbour joining method and the programs of the TREECON package (version 1.3b) [21] , with bootstrap analysis based on 100 replicates. Phylogenetic trees were also reconstructed by the maximum-parsimony, minimum-evolution and maximum-likelihood methods using the software package MEGA version 5 [22] . In the phylogenetic tree derived from the 16S rRNA gene sequences (Fig. 2) , strains Z T , SP and M3 consistently branched with the Betaproteobacteria. The relatively high level of 16S rRNA gene sequence similarity (99.9-100 %) between the strains and 97.3-98.9 % with members of the genus Methylobacillus revealed a close relationship. The neighbour-joining phylogenetic tree based on 16S rRNA gene sequences showed that all 0.05
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Methylophilus glucosoxydans B T (HM001269)
Methylophilus methylotrophus NCIMB 10515 T (AB193724)
Methylophilus rhizosphaerae CBMB 127 T (EU194887)
Methylobacillus pratensis F31 T (AY298905)
Methylovorus glucosotrophus DSM 6874 T (FR733702)
Methylophilus leisingeri DSM 6813 T (AB193725) the isolates formed a branch with the type strains of species of the genus Methylobacillus. This branching pattern was also supported by the tree reconstructed with various methods (maximum-parsimony, maximum-likelihood, minimumevolution) implemented in the MEGA 5.0 program. The 16S rRNA gene sequence of strain Z T was submitted to GenBank under accession number KX057479.
SP
Methylobacillus methanolivorans Z T (KX057479)
M3
Methylobacillus arboreus Iva T (GU937479)
Methylobacillus flagellatus KT T (DQ287787)
Methylobacillus gramineus Lap T (GU937478)
Methylobacillus glycogenes DSM 5685 T (FR733701)
Methylovorus menthalis MM T (HQ380796)
Methylovorus mays C T (AY486132)
Methylotenera versatilis 301 T (NR_074693)
Methylotenera mobilis JLW8 T (NR_102842)
Methylophilus luteus Mim T (FJ872109)
Methylophilus flavus
The mxaF gene encodes the large subunit of the classical PQQ-linked methanol dehydrogenase, which catalyses the oxidation of methanol to formaldehyde in the majority of extant Gram-negative methylotrophic bacteria [23] . Using primers f1003 and r1561 and the protocol developed by McDonald and Murrell [24] , we were able to amplify an approximately 340 bp mxaF gene fragment from DNA of strain Z T . The mxaF gene amplicons were purified using a Zymoclean Gel DNA Recovery Kit (ZymeResearch) and they were sequenced as described above. Processing and translation of nucleotide sequences to the amino acid sequences were performed using Gene Runner (version 3.05) (Hastings Software). The determined MxaF sequence was then aligned using the CLUSTAL W software. Phylogenetic analyses were carried out using the TREECON program of the package with bootstrap analysis of 100 trees [21] . The tree based on mxaF amino acid sequences showing the phylogenetic position of strain Z T among methylotrophic bacteria was reconstructed by using the neighbour-joining method implemented by the TREECON software package (version 1.3b).
Comparative analysis of amino acid sequences of the mxaF protein confirmed these data, showing high levels of similarity between strain Z T and Methylobacillus glycogenes ATCC 29475 T (99.1 %), as well as Methylobacillus flagellatus DSM 6875 T (98.2 %) (Fig. 3) . The mxaF gene sequence of strain Z T was submitted to GenBank under accession number KX258463. (Table S4 ). Based on these results, we concluded that the novel isolates should be placed in a separate novel species, for which the name Methylobacillus methanolivorans sp. nov. is proposed.
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Angulomicrobium tetraedrale DSM 5895 T (DQ652142)
Ancylobacter dichloromethanicus DM16 (EU589387)
Methylopila capsulata ATCC 700716 T (CAI47581)
Methylophilus flavus Ship T (FJ872110)
Methylobacillus methanolivorans Z T (KX256483)
Methylophilus luteus Mim T (FJ872111)
Methylovorus glucosotrophus 34 (KU744006)
Methylobacillus arboreus Iva T (ADH51549)
Methylobacterium nodulans ORS 2060 T (AF220764)
Methylophilus methylotrophus NCIMB 10515 T (FJ 904267)
Methylovorus menthalis MM T (HQ380797)
Methylobacillus gramineus Lap T (ADH51548)
Methylobacillus glycogenes ATCC 29475 T (AJ878073)
Methylobacillus flagellatus KT T (CP000284)
Methylovorus glucosotrophus SIP3-4 (ACT49982)
Methylovorus sp. MP688 (ADQ83943)
Methylophilus rhizospherae CBMB127 T (EU194904)
Methylophilus quaylei MT T (FJ 904268)
Methylobacterium extorquens DSM 6343 (AJ878068) Characteristics of the type strains of the genus Methylobacillus are summarized in Table 1 . The newly isolated strains were motile (strain Z T and strain M3) or non-motile (strain SP), variable utilising some of the growth substrates (methylamine) and are assigned by us to the same species. The main criteria for differentiation of obligate methylotrophs are based on molecular systematics techniques (16S rRNA gene sequencing, functional genes and DNA-DNA hybridization).
Consequently, strain Z T is classified as the type strain of a novel Methylobacillus species, Methylobacillus methanolivorans sp. nov.
A formal taxonomic description of the novel species is given below.
DESCRIPTION OF METHYLOBACILLUS METHANOLIVORANS SP. NOV.
Methylobacillus methanolivorans (me.tha.no.li.vo¢rans. N.L. n. methanol, -is methanol; L. pres. part. vorans devouring; N.L. part. adj. methanolivorans methanol-devouring). . The tricarboxylic cycle is incomplete due to the absence of a-ketoglutarate dehydrogenase activity. The glyoxylate shunt enzymes and ribulose bisphosphate carboxylase are absent. Ammonia is assimilated by glutamate dehydrogenase. Nitrates, ammonium salts and urea serve as nitrogen sources. The predominant cellular fatty acids are C 16 : 0 and C 16: 1 !7c. The major ubiquinone is Q-8. The predominant phospholipids are phosphatidylethanolamine, phosphatidylglycerol and diphospatidylglycerol (cardiolipin). Strain Z T is resistant to streptomycin, erythromycin, ampicillin, lincomycin, oleandomycin and neomycin, but sensitive to kanamicin, nalidixic acid, gentamicin and novobiocin at the concentrations indicated on the discs. Unable to grow on TSA or LB media. The DNA G+C content is 51.0-52.0 mol% (T m ).
The type strain, Z T (=VKM B -3037 T =JCM 31401 T =CCUG 68999 T ), was isolated from activated sludge of the drainage system of the Baikal paper mill (Russia). The species also includes strains SP and M3.
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